Purpose: To evaluate the performance of micro-electromechanical systems (MEMS) switches against PIN diodes for switching a dual-tuned RF coil between 19 F and 1 H resonant frequencies for multi-nuclear lung imaging.
1
H nuclei. When the coil was not switched to the resonance frequency of the respective nucleus being imaged, reductions in the transmit efficiency were observed of 32% at the 19 F frequency and 12% at the 1 H frequency. The coil provides transmit field homogeneity of 612.9% at the 1 H frequency and 614.4% at the 19 F frequency in phantoms representing the thorax with the air space of the lungs filled with perfluoropropane gas.
Conclusion: MEMS and PIN diodes were found to provide comparable performance in on-state configuration, while MEMS were more robust in off-state high-powered operation (>1 kW), providing higher isolation and requiring a lower DC switching voltage than is needed for reverse biasing of PIN diodes. In addition, clear benefits of switching between the 
| I NT ROD UCTI ON
In non-proton MRI applications, it is desirable to be able to acquire 1 H structural imaging that is co-registered to the complementary functional imaging provided by the other nucleus, as demonstrated previously with hyperpolarized gas and 1 H lung MRI. 1 The motivation for this work was development of switched dual-tuned RF coil designs to allow detection of inhaled Table S1 , which is available online, with the specific values for the PIN diodes and MEMS components used in this study. Notably, the switching speed has typically been found to be limited by the driver circuitry rather than the devices themselves. 6 It would, therefore, be beneficial to use low DC power MEMS or FETs for switching, but for FETs the breakdown voltage is lower than often present for high power transmission pulses, which restricts their use in MRI.
In this Note, we compare two methods for switching the matching network tuning: MEMS and PIN diodes, and compare these with a hard-wired configuration for either nucleus. The switching comparison is exemplified using a four element fixed phase/amplitude transmit-receive RF coil designed for lung imaging of 14 A representative side view of the MEMS structure is shown in Figure 1A displaying the method of operation, as the switch is actuated the beams make contact with the central conductor providing a connection between RF a and RF b in the circuit schematic model. More details on the device structure are provided in Keimel et al. 13 To compare the behavior of both PIN diode and MEMS under the higher RF transmit power conditions experienced in whole-body MRI, a benchtop test was set up. A pulse-modulated signal of 60 MHz with pulse duration of 0.2 ms (duty cycle 0.02%) was generated by a WS8352-Taber waveform generator. A 335953-Picker linear pulse amplifier was used to generate peak output powers from 7.3-2380 W. The output time-domain voltage waveform was measured on a high-speed oscilloscope (DSO 104A-Keysight) after 30 dB attenuation. Transmission to the attenuator was through MEMS switch or PIN diode placed in series, and DC bias isolated by choke inductors. The MEMS switch configuration was evaluated in open or closed position, and the PIN diode configuration was evaluated with varying reverse bias voltages and forward bias currents.
| Coil design for switching application
To test the switching performance, a four element fixed phased transmit-receive coil was designed for dual tuned use for imaging Figure 1C . The capacitor was C s 575 pF for all four coil elements. The manufactured matching networks are shown in Figure 1C . RF scattering parameters were measured on the bench using an Agilent E5061A Network Analyzer (Keysights, Santa Clara, CA). To characterize the loss of the matching networks, the scattering parameters of the matching network were measured without the coil connected and the power loss ratio, P LR , was calculated. 16 Decoupling between adjacent coil elements was achieved using capacitive decoupling networks. 17 The topology and dimensions of the coil ( Figure 1D ) were designed to provide a receive sensitivity and transmit field profile that covered the lungs of a large adult male, with <20% variation over a 25 3 25 3 20 cm 3 volume. The widths were 25.5 cm for the anterior/posterior and 30 cm for the right/left elements coils. The coils were constructed from 11-mm-wide and 77- F imaging two glass canisters (2 L volume) were filled with C 3 F 8 gas mixed with 21% O 2 at 1.5 bar pressure, which emulates the air-space in the human thorax. The glass phantoms were placed in a cylindrical shell and surrounded with a 12 L bag containing the saline solution and placed over another equal volume bag for suitable loading. The phantoms and coil are shown in Figure 1E .
| Imaging tests
Measurement of T 1 was performed in homogeneous phantoms by 2D spoiled gradient echo (SPGR) imaging. First, the 
where q is a proportionality factor that depends upon system hardware and the TE, which was fixed. The noise standard deviation, r; is included to normalize the signal to SNR units. The standard deviation of noise in images was measured in a signal-free region of greater than 100 pixels as described in NEMA. 20 To compare the effect of the respective switched tuning methods on transmit efficiency, the FAs were measured for 
| In vivo imaging
In vivo lung imaging evaluation was performed with inhaled C 3 F 8 mixed with 21% O 2 with a healthy adult male volunteer (28 years) following informed consent and a protocol approved by UK National research ethics committee. Threebreaths of the gas were inhaled and then 3D 19 F SPGR imaging was performed within a single breath-hold (37 s scan time). In addition, 1 H 3D SPGR anatomical imaging was performed during a separate breath-hold (13 s) of air with the lungs at the same inflation level. Both images were localized to cover the same geometry. MEMS were used to switch between the two tuning states during in vivo imaging. A summary of all sequence and acquisition parameters used for the imaging experiments are provided in Table 1 .
| RES U LTS

| Coil bench testing
Both the MEMS when switched closed, and PIN diode when forward biased, remained operational up to the maximum powers tested (2380 W, or approximately 6.9 A peak current), in accordance with the maximum values specified in Supporting Information Table S1 . However, as demonstrated in Figure 2A , the reverse biased PIN diode began to conduct RF power when the reverse bias DC voltage was lower than the peak RF voltage, which was not the case with the MEMS switch in the open position. However, at the maximum power (equivalent to a peak voltage of 690 Vpp as delivered to a 50 X load), the MEMS switch in the open position suffered critical failure. Figure 2B -D displays the measured pulse waveforms with increasing RF power and 15 V reverse bias of the PIN diode demonstrating conduction was primarily coming from undesired injection of majority carriers in the intrinsic region on the negative voltage swing.
Additionally, at high power there was an observed droop in the voltage over the pulse length when the diode was insufficiently reverse biased. This is believed to be related to rapid heating of the PIN diode during the RF pulse resulting in increased impedance. The waveform observed ( Figure  2D ) when the pulse length and power was increased (Vpp 5 648V) shows the effect became more pronounced and ultimately led to device failure. This voltage droop was only observed for PIN diodes when insufficiently reverse biased, the waveforms obtained at the same power with either MEMS or a 3 pF blocking capacitor ( Figure 2F,G) showed no droop. The MEMS switch used here was found to have a marginally higher isolation (19.4 dB) when compared with the diode (18 dB) when a sufficiently high reverse bias voltage was applied. The power levels tested on the bench were higher than those expected in the scanner and with the maximum 1 kW RMS input pulse there was no observed unintentional reverse biasing of the forward-biased PIN diode or failure of the MEMS switch.
The measured unloaded and loaded quality factors of coils were 165 and 14.4 for anterior/posterior coils and 195 and 14.3 for right/left coils, respectively. The measured coil resistance when loaded with a cylindrical phantom was $24 X for the anterior/posterior coils and $26 X for left/right coils (Figure 1E) . The reflection coefficient of one of the coil elements (right) when switched between the Figure S1 . The reflection coefficients of all the elements were found to be less than -20 dB at the frequencies of interest (60.06 MHz for 19 F and 63.8 MHz for 1 H). The 90 8 hybrid and 180 8 power dividers used had a reflection coefficient less than -15 dB for both frequencies with insertion loss of $0.5 dB. The decoupling between nearest neighbor coils (e.g., anterior and right) was optimized for the 19 F frequency, where isolation was greater than 15 dB for quadrature channels. P LR was 12 6 2% for the matching network for MEMS, PIN diode and hard-wired configurations of the coil, which was verified with three repeated measurements.
| Transmit uniformity and efficiency with switching
The measured T 1 of 1 H in the salt solution phantom was 39.5 ms, while the T 1 of 19 F in the C 3 F 8 /O 2 mixture was 16.6 ms. Using the FA mapping method described, the measured transmit efficiency within a cylindrical phantom at 63.8 MHz is shown in Figure 3A and Figure 3B , when the coil is hardwired tuned to 1 H and 19 F respectively. A measured reduction of $12% in the mean transmit efficiency and a $21% increase in the B 1 inhomogeneity (SD) was observed when the resonance of coil was set to the 19 F frequency, while transmitting and receiving at the 1 H frequency. Similarly, for 19 F, the mean transmit efficiency decreased by 32% and the B 1 inhomogeneity (SD) increased by 67% when the resonance of coil was set to 1 H. The measured transmit efficiency for the three switching methods are presented in Figure 3C . The mean and SD of the transmit efficiency calculated from the fitted FA from Eq. (1) and Sim4Life ® (duke model) 22 (ZMT, Zurich Switzerland)
can be viewed in the Supporting Information Figure S2 , which substantiate the measured results.
| In vivo imaging
Eight central slices of homogeneity to those performed with the phantom. SNR was found to be high enough ($12) with the given imaging parameters for single breath-hold lung ventilation images to be obtained and co-registered with proton structural images.
| D IS C US S I ON
In this study, there was no measurable difference in the power loss introduced by MEMS or PIN diode switching (P LR ) when compared with a hard-wired connection, as would be expected from their relatively low nominal ESR (Supporting Table S1 ). The loss in the matching networks is less than the insertion loss incurred across the power-dividers used to feed power to the coil elements (0.3-0.5 dB loss for each stage) and primarily comes from the use of inductors, which have physically limited Q factors. There was only a 4.5% difference (10.6-11.1 lT= ffiffiffiffiffiffiffi kW p ) in the mean transmit efficiency measured with the three switching configurations, which is likely in part due to the variation in re-positioning the phantom. This is in accordance with other studies, which showed similar imaging performance with switched dual-tuned coils when compared with single-tuned counterparts.
12,23 Therefore, we believe the choice of switching method is primarily one of practicality and we summarize below the salient considerations. From a component perspective, MEMS typically have a higher cost and occupy a larger circuit footprint than PIN diodes. PIN diodes require high DC power consumption and biasing requires multiple inductive chokes to prevent RF currents induced on DC lines, rather than resistive networks. MEMS switches typically require higher DC voltages, because their operation is based on electrostatic actuation, which would require the scanner interface to be in accord with voltage directives for medical devices. 24 However, to prevent unintentional forward biasing of PIN diodes in their off-state requires higher reverse bias voltage. 25 Additionally, without sufficient reverse biasing the isolation is degraded and the transmitted power becomes nonlinear, 26 which can lead to device destruction, 27 as demonstrated here with high power pulse leading to diode burnout. The lower switching speed of MEMS switches when compared with PIN diodes is listed in Supporting Table S1 , but previous research has demonstrated MEMS switches have adequate switching speed for most MR imaging methods, and are comparable to that of PIN diodes including driver circuitry. 7, 28, 29 In this study, matching the coil to the correct frequency reduced the reflection coefficient from $-5 dB to < -20 dB, which corresponds to an increased mean transmit efficiency and homogeneity at the H imaging is limited, e.g., for initial localizer/survey/pilot imaging or low-resolution structural lung imaging in the samebreath, a coil optimized for 19 F frequency could be sufficient for 1 H imaging. The limitations of using the coil in this manner depends on the loaded quality factor of the coil, which primarily depends on the physical dimension of individual element/loop.
Although the primary theme of the work was the switching comparison, the 19 F perfluoropropane lung image quality obtained with the transceiver coil at 1.5 T is encouraging, as 1.5 T may have potential benefits over 3 T for this application in terms of reduced SAR and longer T Ã 2 of the gases in vivo.
| CON CLU S IO NS
The losses introduced by switching a dual-tuned coil between 19 F and 1 H with either MEMS or PIN diode switches was found to be not measurably different to the losses experienced with hard-wired connections. Moreover, the MEMS switch did not fail during high RF power pulsing. Therefore, we believe MEMS switches are suitable for use in high power transmit coils and may be used in applications, which currently use PIN diodes or in T-R switch networks for dual tuned MRI coils.
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